Aims/hypothesis We sought to assess the frequency, determinants and prognosis for future diabetes in individuals with islet autoimmunity and whether these factors differ depending on the age of onset of islet autoimmunity. Methods A prospective cohort (n = 2547) of children from the general population who had a high-risk HLA genotype and children who had a first-degree relative with type 1 diabetes were followed for up to 21 years. Those with the persistent presence of one or more islet autoantibodies were categorised as early-onset (<8 years of age, n = 143, median 3.3 years) or late-onset (≥8 years of age, n = 64, median 11.1 years), and were followed for a median of 7.4 and 4.7 years, respectively. Progression to diabetes was evaluated by Kaplan-Meier analysis with logrank test. Factors associated with progression to diabetes were analysed using the parametric accelerated failure time model. Results Children with late-onset islet autoimmunity were more likely to be Hispanic or African-American than nonHispanic white (p = 0.004), and less likely to be siblings of individuals with type 1 diabetes (p = 0.04). The frequencies of the HLA-DR3/4 genotype and non-HLA gene variants associated with type 1 diabetes did not differ between the two groups. However, age and HLA-DR3/4 were important predictors of rate of progression to both the presence of additional autoantibodies and type 1 diabetes. Late-onset islet autoimmunity was more likely to present with a single islet autoantibody (p = 0.01) and revert to an antibody-negative state (p = 0.01). Progression to diabetes was significantly slower in children with late-onset islet autoimmunity (p < 0.001). Conclusions/interpretation A late onset of islet autoimmunity is more common in African-American and Hispanic individuals. About half of those with late-onset islet autoimmunity progress to show multiple islet autoantibodies and develop diabetes in adolescence or early adulthood. Further investigation of environmental determinants of late-onset autoimmunity may lead to an understanding of and ability to prevent adolescent and adult-onset type 1 diabetes.
Introduction
Type 1 diabetes is an autoimmune disease resulting from destruction of the insulin-producing beta cells of the pancreas.
Electronic supplementary material The online version of this article (doi:10.1007/s00125-017-4256-9) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
The development of clinically apparent diabetes is typically preceded by islet autoimmunity [1] [2] [3] , signalled by the appearance of islet autoantibodies against insulin (IAA) [4] , GAD65 (GADA) [5] , islet antigen 2 (IA-2A) [6] and zinc transporter 8 (ZnT8A) [7] . Seroconversion may begin in genetically susceptible individuals at an early age. One of the paradigms of the natural history of type 1 diabetes has been that islet autoimmunity rarely develops beyond early childhood. In some studies, a peak incidence of seroconversion has been observed within the first 2 years of life [8] [9] [10] ; however, seroconversion has been observed well into adolescence and beyond [11, 12] . Autoantibodies often develop in sequence, rather than at the same time, usually with IAA or GADA appearing first [11] and IA-2A frequently appearing in children who seroconvert early in life [13] . Children who have developed early islet autoimmunity often progress to diabetes at younger ages [14, 15] , but it is unclear whether their progression is more rapid or whether it has simply started earlier. Although heterogeneity in islet autoantibody pattern in early-vs late-onset islet autoimmunity has been described, the determinants of these differences are poorly understood.
The Diabetes Autoimmunity Study in the Young (DAISY) has for over 20 years prospectively followed a large cohort of children at increased genetic risk of the development of islet autoimmunity and type 1 diabetes. This cohort study includes a multiethnic and multiracial population of both first-degree relatives of individuals with type 1 diabetes and children recruited from the general population. Our aim was to examine the characteristics of individuals developing autoimmunity at age 8 years or later, compared with children with early-onset autoimmunity in this diverse cohort. We hypothesised that children in our cohort who developed autoimmunity after age 8 years would progress more slowly to type 1 diabetes. Furthermore, we set out to determine which factors were associated with a later onset of autoimmunity to determine the aetiological factors involved in the initiation of islet autoimmunity that leads to type 1 diabetes in young adults. A better understanding of late-onset islet autoimmunity may play a key role in targeting interventions to prevent the development of islet autoimmunity, as well as to slow or halt progression to type 1 diabetes after seroconversion.
Methods
Study participants DAISY is a prospective cohort study that has followed 2547 children at increased risk of type 1 diabetes for over 20 years (median follow-up 11 years) [16, 17] . Recruitment began in 1993 and includes two groups of children: first-degree relatives of individuals with type 1 diabetes, enrolled between birth and 7 years of age; and participants from the general population, born in Denver, CO, USA, who were identified as having an increased risk of type 1 diabetes based on HLA genotype screening at birth. Of 31,881 newborns screened, all children with HLA genotypes DR3/4, DR3/3 and DR4/4 and a sample of those with DR4/X or DR3/X, in which X was neither DR3 nor DR4, were invited to participate. Newborns with first-degree relatives who had type 1 diabetes were considered to be in the first-degree relative group for the analysis. Of the participants, 3.7% developed diabetes and met the study endpoint; 85% of islet antibody-positive individuals without diabetes and 52% of the original cohort still attend regular study visits. The sample for this study was limited to individuals enrolled in DAISY who developed islet autoimmunity as of 29 September 2015. HLA data were available for all but one of the participants. Data were complete for sex, family history of type 1 diabetes and race/ethnicity. Late-onset islet autoimmunity (≥8 years of age was defined based on previous studies [8, 18] . Children who developed autoantibodies before age 8 were defined as 'earlyonset'. The median onset of seroconversion was at 3.3 years of age for children in the early-onset group and 11.1 years for the late-onset group (Table 1) . Informed consent was obtained from the parents of all participants. The Colorado Multiple Institutional Review Board approved all study protocols.
Outcome measures Prospective testing for islet autoantibodies was performed at 9 months, 15 months, 24 months and annually thereafter. DAISY participants were tested by radioimmunoassay for GADA, IAA and IA-2A. IAA was measured using a micro-IAA assay as previously described [19] . The initial assay for GADA and IA-2A was a combined radioassay performed in duplicate as previously described [11] . Since January 2010, GADA and IA-2A have been measured using the National Institute of Diabetes and Digestive and Kidney Diseases harmonised assay [20] . All available samples from children who were ever positive for any of the above autoantibodies or who developed type 1 diabetes were tested for ZnT8A as previously described [7] . Additionally, the last sample collected for all 2547 participants was tested for ZnT8A, and if positive, all previous samples were tested to determine the age of seroconversion. Three children who were positive only for ZnT8A were identified in this way. Children who tested positive for any autoantibody were tested more frequently, every 3-6 months. Positive autoantibody tests and 5% of negative tests were confirmed by blinded quality control. Islet autoimmunity was defined as positivity for one or more islet autoantibodies on two or more consecutive visits or being autoantibody positive with a diagnosis of diabetes at the next visit. Children were diagnosed with diabetes using ADA criteria [21] . The details of the protocols for intensive monitoring and diagnosis of diabetes have previously been described [22] . The dataset reflects follow-up as of 29 September 2015.
Genotyping Polymorphisms of genes implicated in islet autoimmunity and type 1 diabetes risk [23] [24] [25] 
(also known as GSDMB; rs2290400), UBASH3A (rs11203203), ERBB3 (rs2292239), CLEC16A (rs12708716), IL27 (rs4788084) and IFIH1 (rs1990760) and were genotyped as previously described [23] .
Statistical analysis The incidence of islet autoantibody seroconversion in the DAISY cohort was calculated from the number of children who newly seroconverted to islet autoantibody positivity at each visit using intervals of 0-12 months, 12-20 months, 20-30 months and yearly intervals thereafter. The number of children followed at each time point was used to calculate the incidence as cases per 1000 person-years, as previously described [8] .
SAS version 9.4 (SAS institute, Cary, NC, USA) was used for statistical analyses. The Wilcoxon rank sum test was used to compare distributions of follow-up time between the early-and late-onset groups. Differences in time to the presence of additional autoantibody (i.e. spreading), reversion to antibodynegative status and progression to diabetes were compared using Kaplan-Meier survival analysis with logrank tests.
To examine effects of covariates such as racial/ethnic group and age of seroconversion on time to antibody spread and progression to type 1 diabetes, these variables, in addition to sex, high-risk HLA group and first-degree relative status, were included in a parametric accelerated failure time model [26] . Survival analyses (SAS PROC LIFEREG) were carried out using a parametric model with different underlying time-toevent distributions accounting for right, left and interval censoring. Weibull, exponential, lognormal, logistic and γ distributions were considered and fitted to the data, based on 95% CIs about the respective quantile-quantile plots for the data. The model based on the γ distribution showed best fit for spread and progression to diabetes, while the logistic distribution showed the best fit for reversion to antibody-negative status, and the Weibull distribution showed the best fit for progression from multiple autoantibodies to diabetes. Calculation of follow-up time began at seroconversion. The results are presented as acceleration factor estimates with 95% CIs. These factors summarise the relative time to event compared with a reference group. The acceleration factor γ allows an evaluation of the effect of predictor variables on the time to outcome. For example, in individuals compared for the development of diabetes with age of seroconversion as a covariate, γ < 1 indicates that older age is harmful to survival free of type 1 diabetes, whereas γ >1 indicates a benefit on disease-free survival. All tests of hypotheses were performed at a 0.05 level of significance.
Results
Incidence of islet autoantibodies As of 29 September 2015, persistent islet autoimmunity has developed in 207 DAISY participants, 128 of whom have a first-degree relative with type 1 diabetes. As of September 2015, 79 of these individuals had progressed to clinical diabetes. The incidence of islet autoimmunity appeared to fluctuate from infancy into later childhood, with a broad peak between the ages of 2 and 6 years in first-degree relative children and a later peak at around age 11 years (Fig. 1) . The general population children, in contrast, had a more variable incidence. This differs from the more pronounced bimodal pattern noted in previous studies of first-degree relative children [3] , who have been shown to have a peak occurring in early childhood followed by a second peak beginning before adolescence. Of note, individual islet autoantibodies had varying profiles at seroconversion, both by age and by first-degree relative/general population status, with IAA showing an early differential peak in first-degree relative children relative to general population children (see electronic supplementary material [ESM] Fig. 1 ).
Characteristics of individuals with early-vs late-onset islet autoimmunity Children with late-onset islet autoimmunity were significantly less likely than those with early-onset islet autoimmunity to identify as non-Hispanic white (69% vs 86%, p = 0.004) ( Table 1 ). There were significantly more first-degree relative children among the non-Hispanic white children than those of other racial/ethnic groups (67% vs 40%, p = 0.002); however, both the early and late groups had similar proportions of first-degree relative children relative to those without a family history (Table 1) . Of note, the late-onset group was less likely than the early-onset group to have a sibling with diabetes (14% vs 27%, p = 0.04). There was no difference in sex distribution between the early-and late-onset islet autoimmunity groups. The assessment of genetic markers showed no difference in the frequency of high-risk HLA type (HLA-DR3/4) the between late-and early-onset groups (Table 1) . Previous studies have shown that polymorphisms in PTPN22 and UBASH3A predict time to seroconversion [23] ; however, there was no difference in these or other non-HLA risk alleles of genes implicated in development of islet autoimmunity and type 1 diabetes (ESM Table 1 ). These included BACH2, CTLA4, ERBB3, GLIS3, GSDM/ORMDL3, IL27, IL2RA, INS, PTPN22, UBASH3A and IFIH1. A previous study showed that individuals categorised as having a high genetic risk, as defined by the presence of PTPN22 TT alone or UBASH3A in conjunction with HLA-DR3/4, showed a significant difference in time to islet autoimmunity [27] . Although the percentage of individuals with a high genetic risk was greater in the early-onset autoimmunity group, this difference was not significant ( Table 1) .
The characteristic autoimmune markers also differed between groups (Table 1) , as children with late-onset autoimmunity were less likely to present with IAA at seroconversion (28% vs 49%, p = 0.005), and less likely to initially present with multiple autoantibodies at first positive sample (16% vs 32%, p = 0.01). When restricted to only participants presenting with a single autoantibody at the time of seroconversion, the late-onset islet autoimmunity group was more likely (60%, n = 55) than the early-onset group (38%, n = 97; p = 0.009) to be GADA positive. (See ESM Fig. 2 for a detailed summary of autoantibodies at first positive sample.) Individuals with late-onset islet autoimmunity were less likely to spread to additional autoantibodies when compared with early-onset individuals (42% vs 59%, p = 0.02), and Kaplan-Meier analysis confirmed that children with a late onset had slower spread to additional autoantibodies than children with an early onset (p = 0.03, Fig. 2a) . Similarly, individuals with late-onset autoimmunity were less likely to progress to diabetes (14% vs 49%, p < 0.0001; Table 1 ), and this progression was slower (p = 0.009, Fig. 2b ). The proportion of firstdegree relatives among early-onset participants progressing to type 1 diabetes was not significantly different from that among late-onset participants (66% vs 78%, p = 0.47).
Of the participants who achieved multiple autoantibody status (95 early-onset and 26 late-onset), fewer in the lateonset group progressed to diabetes (27% vs 69%, p < 0.0001); however, Kaplan-Meier analysis showed no significant difference in progression to diabetes between groups (p = 0.085; ESM Fig. 3 ). Time from multiple autoantibody Although follow-up time following seroconversion was significantly shorter for the late-onset group relative to the early-onset group (4.7 vs 7.4 years p = 0.003), they were nonetheless more likely to revert to negative antibody status (53% vs 35%, p = 0.01). Kaplan-Meier analysis of time to reversion showed that individuals in the late-onset group had a significantly greater risk of reversion than early-onset participants (p = 0.005; Fig. 2c ).
Accelerated failure time analysis In order to examine the effect of various factors on rate of progression from seroconversion to additional autoantibodies or type 1 diabetes, as well as rate of reversion to antibody-negative status, the entire cohort was examined using accelerated failure time analysis with high-risk HLA genotype, age of seroconversion, race/ethnicity, family history of type 1 diabetes and sex as covariates. Following seroconversion, participants with HLA type DR3/4 had a median time to additional autoantibodies that was 74% shorter than participants with other HLA types (acceleration factor 0.26, 95% CI 0.08, 0.84, p = 0.02; Table 2 ). Increasing age of seroconversion significantly increased time to development of multiple autoantibodies, with a 23% increase (acceleration factor 1.23, 95% CI 1.10, 1.38, p < 0.001) in median time to development of additional autoantibodies for each additional year of age at seroconversion. Sex, first-degree relative status and race/ethnicity did not influence the time to spread to additional islet autoantibodies.
The γ accelerated failure time analysis for progression from seroconversion to diabetes showed that children with HLA type DR3/4 had a median time to diabetes that was 64% shorter than those with other HLA types (acceleration factor 0.36, 95% CI 0.21, 0.61, p < 0.001). Older age at seroconversion was also a significant factor for time to progression to diabetes, with a 16% increase (acceleration factor 1.16, 95% CI 1.07, 1.26, p < 0.001) in median time to development of diabetes for each additional year of age at seroconversion. Hispanic or African-American children also had a median time of progression to diabetes that was 2.5 times longer (acceleration factor 2.53, 95% CI 1.10, 5.83, p = 0.03) than the median for non-Hispanic white children (Table 2) . Sex and first-degree relative status did not affect time to progression to diabetes. The accelerated failure time analysis for progression from multiple autoantibody status to diabetes (Table 3) showed that high-risk HLA type continued to shorten time to development of diabetes, with a 50% decrease in time to progression (acceleration factor 0.50, 95% CI 0.32, 0.80, p = 0.004). Additionally, there was a similar slowing of progression with older age, with an increase in time to diabetes of 17% with each additional year of age (acceleration factor 1.17, 95% CI 1.07, 1.28, p < 0.001). No effect of race/ethnicity, sex and first-degree relative status was found. Finally, accelerated failure time analysis for reversion from seroconversion to autoantibody-negative status showed that DR3/4 HLA type was associated with a median time to reversion that was over three times longer than that for other HLA types (acceleration factor 3.34, 95% CI 1.57, 7.11, p = 0.002). Every additional year of age predicted a 10% faster time to reversion to antibody-negative status (acceleration factor 0.90, 95% CI 0.83, 0.97, p = 0.005). Hispanic or African-American individuals showed a 69% faster median time to reversion to antibody-negative status (acceleration factor 0.31, 95% CI 0.14, 0.66, p = 0.003) than the median for non-Hispanic white individuals (Table 2) . Sex and first-degree relative status did not affect time to reversion to autoantibody-negative status.
Discussion
Our findings demonstrate significant differences in individuals with an early vs late onset of islet autoimmunity and further identify a significant association between later age of seroconversion and slowed development of further autoantibodies and progression to type 1 diabetes. Additionally, later age at seroconversion was associated with an increased rate of reversion to autoantibody-negative status. In participants who became multiple autoantibody positive, the rate of progression to diabetes was slowed with increasing age of initial seroconversion.
We observed the onset of seroconversion beginning to peak between 1 and 2 years of age. However, in addition to the early peak seen in other groups of first-degree relatives [8, 28, 29] , we saw a later peak after the age of 8 years in first-degree relative participants, as has previously been described [3, 8, 10] . Participants recruited from the general population had a more evenly distributed incidence over time. In agreement with observations in other populations, we noted that the profile of autoantibodies differed by age of onset, with IAA being more prominent in the early-onset group, and GADA more prominent in the late-onset group. ZnT8A was tested in all serial samples from participants who were positive for another autoantibody and those who later progressed to diabetes. In addition, the last sample collected for all participants was tested for ZnT8A, and if positive, all previous samples were tested. This method has the limitation of potentially missing individuals who seroconverted with only ZnT8A and later reverted to negative autoantibody status, implying that the incidence of ZnT8A and overall islet autoimmunity might be somewhat underestimated.
In addition to a higher risk of progression to diabetes, individuals with early-onset islet autoimmunity more commonly presented with multiple autoantibodies at the first positive sample. This may either be due to the presence multiple autoantibodies at seroconversion or be a consequence of a shorter period of progression from single to multiple autoantibodies, such that the first sample was more likely to miss the short period of single autoantibody positivity. The recent adoption of the term 'stage 1 of type 1 diabetes' to describe multiple islet autoantibody status highlights multiple autoantibody status as a strong predictor of progression to dysglycaemia (stage 2) and symptomatic type 1 diabetes (stage 3) [30] .
The incidence of type 1 diabetes is lower in AfricanAmerican and Hispanic individuals compared with nonHispanic white populations. The prevalence of GADA and IA-2A is also lower in African-American children than nonHispanic white children with type 1 diabetes [31] . We have previously shown that non-Hispanic white status plays an agerelated role in risk of seroconversion [32] . This is the first study to show a significant role of racial/ethnic status on reversion to autoantibody-negative status and progression from seroconversion to type 1 diabetes. Of note, race/ethnicity did not appear to be a factor in the progression from multiple autoantibodies to type 1 diabetes. It may be that the decreased rate of progression from seroconversion to diabetes is therefore a result of the increased propensity to revert to autoantibody-negative status. It is important to note, however, that the number of Hispanic and African-American individuals who developed multiple autoantibodies was small, so these results must be interpreted with caution. Although the effect of race/ethnicity suggests possible differences in the distribution of genetic risk factors, no differences were noted in markers of genetic risk or in previously described genetic high-risk status [23] between children who developed islet autoimmunity early vs late, although not all known non-HLA SNPs associated with type 1 diabetes were tested in this study. Furthermore the effect of race/ethnicity is potentially confounded by differences in sociodemographic factors, which may affect environmental exposures.
Although there was no difference in first-degree relative status between the two groups, children with early-onset islet autoimmunity were more likely to have siblings with type 1 diabetes. This suggests potential environmental influences for timing of seroconversion, such as early dietary or infectious factors, which would be more likely to be shared by siblings. A variety of early dietary exposures have been implicated in the risk of autoimmunity, including the timing and types of food introduced during infancy [33] [34] [35] . Additionally, differences in autoantibody profiles between individuals with earlyand late-onset autoimmunity could indicate that there are different triggers of autoimmunity at different ages or pathogenic differences in acquisition of autoimmunity.
Of note, accelerated failure time modelling showed a significant effect of age at seroconversion on progression to the presence of additional antibodies, reversion to antibodynegative status and time to diabetes (Table 2) , an effect that continued to hold true for time from multiple autoantibodies to development of diabetes (Table 3) . This observation that a later onset of islet autoimmunity is associated with a slower time to progression is mirrored by a recent study looking at IAA profiles at seroconversion at 9 months and 2 years, showing age-and antibody-related differences in risk of progression [36] . DAISY has previously shown that a family history of type 1 diabetes does not predict the persistence of antibody positivity [37] , and this current analysis supports those findings by the lack of a significant effect of first-degree relative status on time to appearance of additional autoantibodies, reversion to antibody-negative status or progression to diabetes.
The limitations of this study include less follow-up after seroconversion for late seroconverters. This may partially explain the lower percentage of individuals with late-onset autoimmunity with spread to additional autoantibodies or progression to diabetes; however, the potential bias of follow-up time was addressed by accounting for censored data in both Kaplan-Meier and accelerated failure time analyses. Both support a role for age of seroconversion in spread to additional autoantibodies and development of diabetes. This cohort requires longer follow-up to fully describe the age of diagnosis of diabetes in late-onset seroconverters. A further limitation is the loss to follow-up of about 44% of the original cohort, which may add bias to the characteristics of late-onset seroconverters. With regards to genetic analysis, only 11 of the 40-50 non-HLA SNPs associated with susceptibility to type 1 diabetes were analysed in this study owing to incomplete SNP information for all participants, so other non-HLA genes may be involved in later seroconversion. Previous investigation in the DAISY cohort has shown that polymorphisms in PTPN22 and UBASH3A predict time to seroconversion [23] . There was, however, no difference in these genotypes between the early-and late-onset groups, suggesting that analysis restricted to a comparison of earlyvs late-onset islet autoimmunity may be limited in detecting genetic effects. A further weakness is the retrospective nature of the determination of ZnT8A positivity, which could underreport islet autoimmunity if there are individuals who are positive only for ZnT8A and later revert to negative antibody status.
For ongoing study of the pathogenesis of type 1 diabetes and the search for potential interventions, the slower dynamics of late-onset islet autoimmunity will need to be taken into account by screening and prevention programmes. Our findings imply that screening for both islet autoimmunity and progression to diabetes in individuals with islet autoimmunity may need to continue well into or beyond adolescence. Treatment or prevention strategies may need to be targeted based on the age of onset of islet autoimmunity.
In conclusion, our results show important differences in late seroconverters compared with children who develop islet autoimmunity early in childhood. Late-onset in our cohort was associated with more frequent reversion to autoantibody-negative status and slowed progression to type 1 diabetes. While earlyonset islet autoimmunity has been the focus of intense study and may lead to important insight into accelerators of disease, an understanding of late-onset islet autoimmunity may help to unravel the roles of genetics and environment in elucidating triggers for seroconversion as well as rate of progression to type 1 diabetes. Our findings support the hypotheses that either those who experience later onset islet autoimmunity may have been exposed to protective environmental factors that slow or delay both islet autoimmunity and progression to diabetes, or alternatively the constellation of triggers changes with age of seroconversion. Another possibility is the role of the hormonal milieu, including growth hormone and adrenal and gonadal hormones, as a modulating factor for the intensity of responses to triggers. Further investigation into these key factors may lead to the prediction and prevention of type 1 diabetes with an onset into young adulthood and beyond.
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